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ABSTRACT 
 





Cryo-electron microscopy (cryo-EM) is a structural biology technique that determines the 
structure of proteins and macromolecular complexes using the transmission electron microscope 
under cryogenic conditions. In my Ph.D. studies, I took advantage of this technique, in the study 
of dynamical features of ribosomes in both eukaryotes and prokaryotes.  
In Chapter 2, I report my graduate research on the investigation of ribosomes from the 
human malaria parasite, Plasmodium falciparum, using single-particle cryo-EM. In collaboration 
with Dr. Jeffrey Dvorin at Harvard Medical School, we obtained five cryo-EM reconstructions of 
ribosomes purified from P. falciparum blood-stage schizonts, and discovered structural and 
dynamical features that differentiate the ribosomes of P. falciparum from those of the 
mammalian system. Moreover, we discovered that RACK1, a necessary ribosomal protein in 
eukaryotes, does not specifically co-purify with the 80S fraction in the P. falciparum schizonts 
stage and would mainly function in a ribosome-unbound, free state during the blood-stage. More 
extensive studies, using cryo-EM methodology, of translation in the parasite, will provide 
structural knowledge that could help in the design of effective anti-malaria drugs.  
In Chapter 3, I describe the cryo-EM studies of the Saccharomyces cerevisiae ribosome 
in response to a carbon source switch. In collaboration with Dr. Andrew Link at Vanderbilt 
University, we obtained reconstructions of the 80S ribosomes at selected time points after the 
glucose-to-glycerol carbon source shift, and observed that a fraction of ribosomes lacked 
densities for r-proteins, mainly eS1 (yeast rpS1) on the 40S subunit and uL16 (yeast rpL10) on 
the 60S subunit. We found that the binding ratio of eS1 and uL16 to ribosomes changed as a 
function of time, consistent with the change in translational activities as gauged by polysome 
profiling. On the basis of these observations, along with previous structural and genetics studies, 
we propose that rapid control of translation is exerted through the dissociation of r-protein 
eS1/rpS1 and uL16/rpL10 from the ribosome. Our studies thus open a new venue on the 
exploration of S. cerevisiae’s rapid adaption to carbon source shifts at the level of translation. 
In Chapter 4, I have documented a collaborative work on the development and 
application of a new technique, time-resolved cryo-EM, which can be used to study processes 
involving two reaction partners on a sub-second time scale. With my colleagues at the Frank and 
Gonzalez labs at Columbia University, we successfully applied this method to study the process 
of E. coli ribosomal subunits association. By mixing and reacting the two subunits for 60 ms and 
140 ms, we captured the association reaction in a pre-equilibrium state, and detected different 
conformations of E. coli 70S ribosomes. With the current capability of this mixing-spraying 
method to visualize multiple states of molecules in a sub-second reaction, we expect to be able to 
standardize this method and apply it to more challenging biological processes, such as translation 
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Chapter 1 Single-particle cryo-electron microscopy 
  
Cryogenic electron microscopy (cryo-EM) and single-particle reconstruction is the ideal 
approach for studying flexible and functionally active macromolecules. Its development has taken 
place over the past five decades and it has recently undergone a leap in its achievable resolution 
and its applicability to challenging biological systems. Table 1.1 summarizes a number of key 
landmarks in the development of cryo-EM. 
In this chapter, I outline some principles of single particle cryo-EM analysis, and the 
epochal changes that occurred during my work toward my Ph.D. thesis. 
 
Year Key Authors and Publications Landmarks 
1968 De Rosier and Klug (1) 
The first 3D reconstruction of the bacteriophage 
T4 tail 
1975 Unwin and Henderson (2) 
Visualization of glucose-embedded 2D crystals 
of bacteriorhodopsin 
1976 Taylor and Glaeser (3) 
First demonstration that high-resolution structure 
information of biological samples could be 
obtained under cryogenic conditions 
1981 Frank et al (4) 
A demonstration of 2D averaging applying the 
newly minted SPIDER software on images of 
40S ribosomal subunits 
1981 Van Heel and Frank (5) 
Multivariate statistical analysis and classification 
of aligned images 
1982 Dubochet et al (6) Sample vitrification method 
1987 Radermacher, Frank et al (7) Single particle – random conical tilt method 
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1990 Henderson et al (8) 
The first atomic structure using electron 
crystallography method 
1994 Penczek, Frank et al (9) Single particle – projection matching method 
1995 Berriman and Unwin (10) 
Time-resolved cryo-EM method applied to the 
study of acetylcholine receptor 
1995 Frank et al (11) 25Å cryo-EM structure of the 70S ribosome 
1997 Bottcher, Crowther et al (12) 
<10Å cryo-EM structure of Hepatitis B virus, 
breaking the 10Å barrier 
1998 Sigworth (13) 2D maximum-likelihood method 
2005 
Gonen, Walz, Harrison et al. 
(14) 
1.9Å cryo-EM structure of aquaporin (AQPO), 
using 2D electron crystallography method 
2007 Scheres et al (15) 3D maximum likelihood method 
2008 Zhou Group (16) 
The first atomic structure of a cytoplasmic 
polyhedrosis virus 
2012 
Brilot, Campbell, Grigorieff et al 
(17,18) 
Direct electron detection cameras used for 
motion correction 
2013 Bai, Scheres et al (19-21) 
RELION; 
Near-atomic maps of 30K ribosome particles 
2013 Liao, Cao, Yifan et al (22) 
First near-atomic resolution membrane protein 
structure determined by single particle cryo-EM 
2015 Bai, Scheres et al (23) De novo tracing <200kDa molecules 
2015 
Campbell, Carragher, Potter et al 
(24) 
Breaking 3Å barrier, 2.8Å cryo-EM 
reconstruction of 20S proteasome 
2016 Subramaniam Group (25) 
1.8Å resolution cryo-EM reconstruction of a 334 
kDa glutamate dehydrogenase; 
3.8 Å resolution cryo-EM reconstruction of a 
93kDa isocitrate dehydrogenase 






Figure 1.1 General steps involved in structure determination by single-particle cryo-EM. A 
single-particle cryo-EM project usually starts from sample purification and cryo-EM grid 
preparation (Section 1.1). 2D images are acquired using transmission electron microscopes 
(Section 1.2), usually equipped with cryo-holder and digital detectors. Particles are extracted, 
aligned and averaged for subsequent imaging processing (Section 1.3). An initial 3D map is first 
constructed. This map will then be iteratively refined and validated using image processing 
software. Due to the inherent heterogeneity of biological samples, computational algorithms such 
as regularized likelihood optimization, or so called maximum a posteriori (MAP) estimation   
implemented in RELION, are used to classify heterogeneous data sets into structurally 
homogeneous subsets for further refinement and interpretation (Section 1.3 and 1.4). 
 
1.1. Specimen preparation for single-particle cryo-EM 
For detailed procedures of specimen preparation, please see the “Materials and Methods” 
sections in Chapters 2, 3 and 4. For an in-depth review of general cryo-EM sample preparation 
the reader is referred to (26-29). Following is a general introduction to single particle cryo-EM 




A single-particle cryo-EM experiment begins with a purified specimen, which is usually in 
aqueous solution at a concentration of 0.5nmol/L to 2 µmol/L The solution is applied to an EM 
grid, typically consisting of perforated carbon film supported by a metal frame, and blotted with 
filter paper to remove the excess solution.  The grid will then be immediately plunged into liquid 
ethane ( -180°C) cooled by liquid nitrogen ( -196°C) (26). The rapid freezing step traps biological 
molecules in their native, hydrated state without dehydration or ice crystallization and the 
cryogenic temperature greatly slows the effects of radiation damage sustained in the TEM.  
A perfectly vitrified specimen is characterized by an amorphous ice layer of sufficient 
thickness to accommodate the particles (but ideally not much thicker so that particles are clearly 
visible), and particles that are well distributed across the field of view and adopt a wide range of 
orientations. In practice, several parameters often require optimization to achieve these conditions. 
One consideration in the specimen preparation is the supporting structure of the EM grids. 
The most commonly used is a copper grid, covered by either a continuous carbon film, typically 
used to prepare negatively stained samples, or holey carbon film, typically used to prepare vitrified 
specimens. Holey carbon grids can be either home-made, with irregular holes, or nanofabricated 
with regularly arranged holes (e.g. Quantifoil grids from Quantifoil Micro Tools GmbH, and C-
flat grids from Protochips Inc): the latter are particularly suitable for automated EM data collection.  
Recently, alternative grid designs have been explored, such as replacing carbon film with graphene 
(30,31), and replacing both grid support and carbon film with a single material, gold (32,33). 
Another important practical issue in specimen preparation is obtaining a very thin, evenly 
distributed ice layer. A thin ice layer will result in high contrast between the molecule and the 
surrounding ice layer, and minimized defocus spread arising from different heights of the 
molecules in the ice layer, which hamper the determination of high-resolution structures. The two 
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key parameters that affect ice thickness are blotting time and the subsequent time the grid is 
allowed to dry before it is plunge-frozen. Although these parameters can be controlled with 
commercially available plungers, such as Vitrobot (FEI) and Cryo-plunge (Gatan), the user’s 
heuristic optimization is necessary and essential. Other factors that affect ice thickness are the type 
of sample support structure, the particular batch of grids, and the hydrophilicity of the support film. 
 
1.2. Data collection for single-particle cryo-EM 
1.2.1. Image formation in the transmission electron microscope  
For in-depth details of the principle and theory of scattering and image formation, and the 
many applications of the transmission electron microscope, please see (34,35) and (36). The 
following will make reference to a schematic diagram of a typical transmission electron to explain 
the essential elements, and the relevant practical issues (Figure 1.2). 
Cryo-electron microscopy (cryo-EM) is a form of transmission electron microscopy (TEM) 
where the sample is studied at cryogenic temperatures (generally liquid nitrogen temperature). A 
typical TEM has several essential components, including an electron source, a series of 
electromagnetic lenses and an image detecting system. Electrons have the properties of tiny mass, 
negative charge and capability of being manipulated by a magnetic field. Electrons in electron 
microscopy have a very short wavelength, about 0.025 Å at 200 kV and 0.0197 Å at 300 kV. 
However, the imperfections of electromagnetic lenses (see details following paragraphs) prevent 





   
Figure 1.2 A transmission electron microscope (TEM). (a) Photograph of the TEM, FEI TF20 
in the Frank lab. (b) Image formation in the TEM. (b) was adapted from  (37). 
 The electron sources available include the heated tungsten filament, the LaB6 crystal, and 
field emission gun (FEG). The FEG, by far the most advanced and widely used electron source, 
emits coherent, near-monochromatic and high-current density electrons.  As in light microscopy, 
the typical electromagnetic lens system is mainly composed of condenser, objective, intermediate 
and projector lenses. The condenser lenses determine the size reduction of the electron source 
onto the specimen and how strongly the beam is focused onto the specimen and with what 
convergence angle of the beam. The condenser lens apertures, situated below the condenser lens, 
remove electrons with a large angular spread from the beam and thus improve beam coherence.  
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  The objective lens forms the initial image and determines the quality of the image. 
Variation in the field strength is the primary means of adjusting focus of the image on the viewing 
screen. The objective lens aperture, the first aperture situated below the specimen plane, is used 
to increase contrast of the image, because is excludes widely scattered electrons. The intermediate 
and projector lens system is used to further magnify the image before the electrons arrive at the 
detector (27,35). In practice, we can change the spot size, indexed from 1 to 11 in FEI microscopes, 
to adjust beam intensity falling on the specimen and thus the overall brightness of the image. 
Typically, we collect data at spot sizes 5 or 6.  By adjusting the “focus knob”, we can change the 
objective lens current, and thus set the targeted focus values.  
  Problems with electromagnetic lenses. There are many defects of electromagnetic lenses, 
but here we focus on those that limit microscope performance in substantial ways. These are 
spherical, chromatic, and astigmatic aberrations. Spherical aberration is the type of aberration 
that is most significant in defining the performance of the objective lens. It is an image distortion 
due to the dependence of the focal length on the distance of the ray from the optical axis. The 
further off-axis the electron beam is, the more strongly it is bent back toward the axis. As a 
consequence, the image of a point becomes a blurred disk. This aberration can be partially 
compensated by operating the lens in underfocus. Chromatic aberration becomes important when 
electrons vary in energy. Electrons that have longer wavelength will be focused more strongly by 
the lens, so that part of the image is formed in a plane closer to the object. Axial astigmatism can 
be understood as an “unroundness” of the lens, which results in the image of a point becoming the 
shape of an ellipse. Fortunately, axial astigmatism can be compensated with special corrector 
elements that are situated under the objective lens. 
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Image formation in the electron microscope. The basis of image formation in the electron 
microscope is the interaction of electrons with the object. Electrons may either pass through the 
specimen unimpeded, be scattered without loss of energy (elastic scattering), or be scattered with 
an exchange of energy between the electron beam and the specimen (inelastic scattering). 
Elastically scattered electrons contribute to the image intensity, through the mechanism of phase 
contrast.  
Biological samples consist of light atoms, H, O, N and C and can be described as weak 
phase objects. According to the weak-phase object approximation (38), the contrast of an image 
of the biological sample is approximately proportional to the projected object potential. 
Considering imperfections of the lens, the relationship between the Fourier transform of the image 
contrast I(k) and the Fourier transform of the object’s projection O(k) can be described by a 
function H(k), known as contrast transfer function (CTF).   
𝐼(𝑘) = 𝑂(𝑘)𝐻(𝑘) 
The function 𝐻(𝑘) is represented by the product of two terms, 𝐴(𝑘) sin 𝛾(𝑘). 𝐴(𝑘) is the 
aperture stop function. 𝛾(𝑘) is the wave aberration function, where spherical aberration, wave 
length (defined by accelerating voltage) and defocus value are the major contributors.  In practice, 
the CTF function 𝐻(𝑘) is modified by an envelope function E(k), which results from the partial 
coherence of the illumination and the energy spread of the electrons.  Because of the characteristics 
of the CTF, namely the phase-flip and crossovers at certain spatial frequencies, a correction of the 




1.2.2. Image recording and acquisition  
The three main detector technologies used in cryo-EM are photographic films, charge-
coupled devices (CCD) and direct detector devices (DDD). Photographic film is a strip or sheet 
of transparent film base coated with photographic emulsion containing microscopically small 
light-sensitive silver halide crystals. It has the advantages of fine pixels and large image detection 
area, and has been used over many years in EM. However, the data are not immediately available 
to the users due to the need for a number of steps, development in the darkroom and digitization 
of optical densities by a scanner.  
The Charge-coupled device (CCD) contains a scintillator, fiber optics, and a photo sensor. 
“Charge-coupled” refers to the readout mechanism, in which charges are transferred between 
neighboring pixels to a readout register, and then amplified and converted to a digital signal (39). 
Compared with conventional photographic films, the CCD camera has the advantage of real-time 
readout, linear response, large dynamic range, and the capability of automated data collection. 
However, the problem with the CCD camera is that its signal is the result of two conversions, 
electron to photon, then photon to electron, and the spatial resolution is reduced as light undergoes 
from multiple scattering within the phosphor or at the optical interface.  
Consequently, detectors are needed based on more direct detection, thus avoiding the 
intermediate light conversion step required for CCDs. A Direct Detection Device (DDD) can be 
directly exposed to the high energy electron beam, and converts the electrons into voltage signals, 
rather than producing a signal proportional to the accumulated charges (Figure 1.3).  Moreover, in 
combination with CMOS (complementary metal-oxide-semiconductor) design, these DDDs 
convert charges to voltage signals locally, resulting in a faster read-out speed. The first 
commercially available CMOS-based DDD camera for cryo-EM single particle application was 
10 
 
the DE-12 camera from Direct Electron, LP (San Diego, CA) (40,41). The other two popular 
commercially available DDD are the K2 Summit™ from Gatan, Inc. (Pleasanton, CA), and Falcon 
camera from FEI (Hillsboro, OR).  Please see section 1.4.1 for more details of DDD cameras and 
their application in single particle cryo-EM. 
 
 
Figure 1.3 Schematic representation of a CCD detector and a CMOS-based DDD detector 
for EM. (a) CCD: multiple conversion steps. Fiber optics transmit the image to the CCD sensor 
where photons generate electrical charge, and the charge is accumulated in parallel registers. (b) 
CMOS-based DDD: direct conversion. High-energy electrons are directly counted and converted 
to voltage signals. (Figures were adopted from FEI datasheets). 
 
1.3. Single-particle 3D reconstruction  
In the single-particle 3D reconstruction method, the 3D electron density map of the 
molecule is computed from a set of single-particle images, representing projections of molecules 
lying in different orientations. The main steps include CTF estimation and correction, particle 
picking and selection, two-dimensional alignment and averaging, initial three-dimensional 
reconstruction and refinement of the reconstructed density map.  
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1.3.1. CTF estimation and correction 
 In section 1.2.1, we have seen that the observed image is not a faithful representation of 
the original structures. It is degraded by the effects of the CTF. An accurate determination and 
correction of the CTF is a critical requirement in determination of high-resolution cryo-EM 
structures.  
 The CTF models the linear image formation process in the transmission electron 
microscope. The key parameters that are required for CTF estimation are acceleration voltage, 
spherical aberration constant, defocus, amount and direction of axial astigmatism, and percentage 
of amplitude contrast. Acceleration voltage and spherical aberration coefficient are instrument 
parameters, and the percentage of amplitude contrast is empirically estimated, typically assumed 
as 5% –10% for cryo-EM images (27). The defocus value is set to a nominal value during data 
collection. However, this setting is only approximate. More accurate values for defocus and 
astigmatism are obtained by subsequent measurements. CTF determination involves using a least-
squared fitting method, to find the set of parameters that minimize the discrepancy between the 
calculated CTF model and the observed radially averaged power spectrum.  
 Several software packages capable of CTF correction are currently available, for instance, 
SPIDER (42), EMAN (43), CTFFIND3 (44), CTFFIND4 (45) and GCTF (46). In our studies, we 
used CTFFIND3 software (44) for CTF estimation and correction. CTFFIND3 is a fully automated 
software that showed the best results using real datasets in a recent benchmark competition (47). 
It determines both defocus and astigmatism values in untilted images with high accuracy. The 
general workflow of CTTFIND is (1) computing an amplitude spectrum from the input micrograph, 
(2) estimating and subtracting the background from the original spectrum, (3) evaluating the 
correlation between the calculated two-dimensional CTF functions and the background-subtracted 
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power spectrum, and (4) adjusting the parameters for the theoretical CTF until the cross-correlation 
is maximized, thus yielding an estimate of the microscope’s defocus and astigmatism parameters. 
For more details the reader is referred to (44). 
 
1.3.2. Particle picking and selection 
 Once data have been collected and good micrographs have been selected, particles 
representing the true biological molecules need to be selected and extracted for the subsequent 
image analysis. The particle selection problem can be broken down into two main steps, (1) 
candidate particles are selected from micrographs, which will include false selected particles, e.g. 
contaminants, ice blobs or noise, and (2) ‘good’ particles, representing true biological molecules, 
are identified from candidate particles.  
 Many automated or semi-automated particle picking software packages are currently 
available, including EMAN2 (48), SIGNATURE (49), DOGPICKER (50), XMIPP (51), 
ARACHNID (52) and RELION (53). Based on the underlying algorithms, these approaches can 
be broadly divided into two groups: reference-based and reference-free. In the reference-based 
approach, the reference can come from projections of a known 3D structure of the complex or the 
class average of particles selected from micrographs (49,54,55). In the reference-free approach, 
different characteristics (e.g. edges, shapes) of the particles are expressed in some numerical 
manner as a vector (feature), and features calculated from local areas in the micrographs are 
compared to a set of expected features. 
 In our cryo-EM studies of eukaryotic (Chapter 2 and 3) and prokaryotic ribosomes (Chapter 
4), we used an in-house built particle-picking program called AutoPicker developed in the Frank 
lab (52). The AutoPicker algorithm uses a modified reference-based procedure to identify windows 
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that contain candidate particle images in a micrograph, and an unsupervised machine learning 
procedure to reject high contrast contamination and noise. The template is usually a disk with a 
radius corresponding to the particle size and its edge is softened with a Gaussian (52). Besides our 
ribosomes studies, AutoPicker has been employed in other studies resulting in publication-quality 
density maps, such as T. thermophiles V/A-ATPase (52), 70S E. coli ribosomes (52), 43S 
preinitiation complex bound to the DHX29 protein and 40S ribosomal complex containing eIF3 
and the CSFV IRES (56,57).  
 
1.3.3. Two-dimensional clustering and averaging 
  Two-dimensional clustering and averaging is performed for the following reasons: (1) It 
can eliminate artifacts or invalid particles from the above particle picking and extraction step; (2) 
It presents a fast way of quantitatively measuring data quality, such as the angular distribution of 
particle views, and estimating the potential resolution; (3) It provides high signal-to-noise-ratio 
(SNR) class averages, which can be scrutinized for quality before moving on to the subsequent 3D 
structure determination.  
 Various strategies are available for 2D alignment and clustering. Supervised methods 
group data sets according to the degree of their similarity to a reference, and are primarily used for 
the case of homogenous data sets. Unsupervised methods, in contrast, do not require a reference 
and can find any groups of images that may have a common origin. (For an in-depth description 
of supervised and unsupervised classification approaches, as well as the theory underlying each 
approach see Frank, J. 2006 (27)).  
 The 2D clustering and averaging strategy that is often used currently is fundamentally 
rooted in an un-supervised method, K-means clustering. The data set is successively divided into 
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a predefined number of classes K. Initialization of the K templates can either come from K 
randomly selected images from the entire data set, or the average computed within K randomly 
assigned groups. Given the initial set of K templates, the algorithm proceeds in an iterative way 
by alternating two steps, (1) distance between the K templates and each individual image is 
computed and each image is assigned to the closest (most similar) template, (2) based on the 
previous assignments, new class averages are computed and used as the template for the next round 
of assignments.   
 The key limitation of K-means clustering is that the choice of distance measure may affect 
the convergence, and achieving the global optimum is not guaranteed. However, these problems 
can be improved by a ‘soft assignment’, in which an image can be a member of several classes 
with weighting factors. This method can be formalized using the Maximum Likelihood 
methodology (58), with estimation of other statistical properties of the image.    
 
1.3.4. Three-dimensional reconstruction techniques  
Reconstruction of a 3D object from its 2D projection images can be performed in real space, 
using methods such as weighted back-projection and iterative algebraic reconstruction techniques, 
or in Fourier space. The fundamental theorem underlying 3D reconstruction is the projection 
theorem, which states that each projection of an object furnishes a central section of the object’s 
3D Fourier transform (Figure 1.4). It follows from the theorem that a reconstruction can be 
obtained by 3D inverse Fourier transformation of this 3D Fourier domain which is filled in by data 





Figure 1.4 Illustration of the projection theorem and its use in 3D reconstruction. Reproduced 
from (27) 
Weighted back-projection has been widely used because it is fast compared to iterative 
methods. As the term indicates, back-projection ‘smears out’ a 2D image into a 3D volume, (“back-
projection body”). However, summation of these back-projection bodies yields a blurry object. 
The main reason is that, in Fourier space, the density of sampling points obtained by projections 
decreases as the spatial frequency increases. In other words, Fourier amplitudes at low spatial 
frequencies are overemphasized compared to those at high spatial frequencies. This problem is 
solved either by Fourier weighting of the projection prior to the back-projection step, or by 
weighting the 3D Fourier transform appropriately. 
 
3D Fourier Transform 
Inverse 3D Fourier 
Transform 
2D Fourier Transform 
2D Fourier Transform 





Figure 1.5 Illustration of back-projection method of 3D reconstruction. (a) The density 
distribution across a projection is “smeared out” in the original direction of projection, forming a 
“back-projection body”. Summation of these back-projection bodies yields an approximation to 
the object (b) Analysis in Fourier space. Fourier amplitudes at low spatial frequencies are 
overemphasized in comparison with those higher spatial frequencies. Figures were reproduced 
from (27). 
 
In iterative algebraic methods, the relationship between the object and the set of 
projections can be formulated by a set of algebraic equations over a finite region. The Algebraic 
Reconstruction Technique (ART) and Simultaneous Iterative Reconstruction Technique (SIRT) 
are the two most often used techniques to find a 3D reconstruction such that its 2D projections are 
most similar to the input image. It starts from an initial estimation of the 3D density map and 
minimizes the discrepancy between the experimentally measured image and the calculated 
projection in an iterative fashion. Iterative algebraic methods, compared with weighted back-
projection, are more accurate, flexible, and capable of incorporating additional constraints and 
considering the noise statistics. However, they require a much larger computational efforts and are 
extremely time-consuming for convergence to be reached.  
 




Fourier reconstruction methods are intuitively close to approaches in X-ray or electron 
crystallography, where data are collected to fill Fourier space so that the inverse Fourier transform 
generate the map of the object in real space. In practice, the information is not complete and must 
be rebuilt by interpolation between the central sections. Several interpolation and inversion 
methods have been used (59-61). 
Single-particle 3D reconstruction algorithms have been implemented in several software 
packages, such as IMAGIC (62), SPIDER (42,63), XMIPP (64) EMAN (48), FREALIGN (65), 
and RELION (19,20). In this study, SPIDER and RELION were used, with RELION is the one 
being used most extensively. A brief introduction to SPIDER is provided below, and details on 
RELION are described in section 1.4.  
SPIDER, (System for Processing Image Data from Electron microscopy and Related fields), 
is a modular image processing system for electron image processing, developed in the Frank lab 
in 1981 (42). The distribution of SPIDER software package has two separate modules: SPIDER 
and JWEB. The SPIDER module is written in FORTRAN and used for mathematical manipulation 
of images and their contents. The JWEB module, added later on (66), is written in Java and used 
for visualization and interaction with images. The emphasis of the SPIDER system is single-
particle averaging and reconstruction; however, a variety of other operations are also available, 
including contrast enhancement, Fourier filtration and alignment (42,66). Protocols of SPIDER for 
processing from a set of electron micrographs to the 3D reconstruction density map were described 
in (67). Two approaches are available to generate an ab initio structure (i) random-conical 
reconstruction and (ii) multiple common lines. Alternatively, if an initial 3D structure of the target 
or a structurally related assembly is already available, the approach of reference-based single-
particle reconstruction can be used.  
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1.3.5. Structure refinement and resolution assessment  
 The initial 3D reconstruction is usually far from optimal and needs to be refined to obtain 
the final map. The refinement procedure alternates between the following two steps iteratively: (1) 
The experimental projection is compared with all reference projections, which are the re-
projections of the current 3D reference structure. The orientation yielding the best match, in terms 
of cross-correlation value, denotes the desired projection direction. (2) Once the experimental 
projections have assigned updated parameters, an updated 3D reconstruction is computed and used 
as the new reference structure in the next iteration of the process. 
 To quantitatively evaluate the refined results, “resolution” is often used as a numerical 
indicator, which is a measure of the resolvability of object details reconstructed in the density map. 
Here, we evaluate the resolution using the ‘gold standard’ protocol with the FSC = 0.143 criterion. 
In this approach, the data are split into two equivalent halves, usually by separating even and odd 
numbered images, and each half-set is reconstructed and refined independently. The Fourier Shell 
Correlation (FSC), the cross-correlation coefficients over spatial frequency shells (𝑘, ∆𝑘) with 
increasing radius k between the Fourier transforms of the two independent reconstructions 











 The resolution is then derived according to the comparison between the measured FSC and 
an empirical threshold value (71-72), with FSC=0.143 being the most commonly used one. The 
FSC=0.143 criterion, proposed by Rosenthal and Henderson (72) is based on relating cryo-EM 
results to those in X-ray crystallography (72). It is also worth noting that, in practice, special care 
of the statistical independence of the two half-sets must be taken into consideration. (For the 
implementation of the “gold-standard” approach in RELION refinement, see (20).)   
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 Additionally, for validation we also use structural features to help us confirm the resolution 
indicated by the FSC.  A low-resolution map, >10Å, reveals the overall shape of the molecules 
and possibly the rough arrangements of the domains or subunits in a complex. An intermediate 
resolution map, ~4-10Å, reveals secondary structures such as α-helices and the relative 
arrangements of domains or subunits in a complex. A near-atomic resolution, <4Å, the map clearly 
resolves secondary structural features, such as β-strands and allows polypeptide backbone tracing.   
 
1.4. Recent technological advances in single-particle cryo-EM 
1.4.1. Improvements of the instruments 
 Although the quality of microscopes has been gradually improved, acquiring high quality 
images, i.e., images with high contrast and with sufficient resolution to answer the biological 
questions being asked, is still a challenging task. There are two main limiting factors, (i) the quality 
of the image-recording medium and (ii) the image blurring caused by motion induced by the 
electron beam and the mechanical instability of the specimen holder. The recent development of a 
new generation of direct electron detection cameras offers clear advantages over both photographic 
film and scintillator-based CCD cameras, and could overcome both limiting factors.  
 In terms of the quality of the image-recording medium, we use the detective quantum 
efficiency (DQE) to measure the quality of a detector. DQE is defined as the ratio of the square of 




 It provides the measurement of the quality with which incident electrons are recorded. An 
ideal detector would detect all incident electron equally and so would have a DQE of 1, but a real 
detector has values less than 1. The new generation of direct electron detection cameras, as their 
20 
 
name suggest, can directly detect incoming electrons without the need for a scintillator, which 
produce high DQE at high electron energies. Direct Electron DE-20, FEI Falcon-2 and GATAN 
K2 Summit are the three most widely used commercially detectors, and they all have high DQEs 
in both low- and high-resolution regimes (74) (Figure 1.6).  
 
 
Figure 1.6 Measured DQE as a function of spatial frequency for the three DDD cameras. DE-
20 (green), Falcon II (red) and K2 Summit (blue). The corresponding DQE of photographic film 
is given for the comparison and shown in black (74). 
 
Image blurring, a major limiting factor to the improvement of attainable resolution, results 
from beam-induced movements of the molecules in the frozen-hydrated biological samples. In 
practice, such beam-induced motion is impossible to completely prevent. Here, the high frame rate 
(10–40 frames per second) of these new DDD cameras provides a means to correct for such image 
blurring by recording a 'movie' of multiple frames throughout the exposure. The total electron dose 
is fractionated into a series of image frames with sufficiently short duration such that the motion 
21 
 
can be reduced to an acceptable level. Later, these frames can be aligned using software packages 
to compensate for both global (MotionCorr (75), Unblur (76)) and local (77,78) specimen drift and 
beam-induced movements, thus reducing image blurring. In addition, the movie mode also offers 
the possibility of maximizing the image contrast by using a higher total dose. However, the later 
frames with the highest contrast have more accumulated electrons, and thus more radiation 
damages. These can be eliminated or properly down-weighted, so that the effect of radiation 
damage is minimized and the final averaged image is optimized (18,75,78).  
In this study, we used a GATAN K2 Summit DDD camera to record dose-fractionated 
images, generally with a total specimen dose of ~20 to 50 electrons per Å2, and a dose rate of  ~5 
to ~10 electron counts per physical pixel per second (79). The dose-fractionated image stacks are 
corrected for beam-induced movements using redundant measurements for a more accurate and 
self-consistent determination of image shifts (75). The corrected images with improved high-
resolution information are used for subsequent reconstruction, classification and refinement.  
 
1.4.2. Maximum likelihood-based classification 
The major asset of cryo-EM is its ability to characterize the structures of molecules in their 
different functional states. However, it is always difficult to classify heterogeneous cryo-EM data 
sets into homogeneous subset. The variations come from two sources, the variation of molecule’s 
orientation, and the variation of molecule’s conformation and/or composition.  
A breakthrough came with the development of the maximum-likelihood approach. It was 
first introduced into cryo-EM by Fred Sigworth for 2D averaging of projection (13). Whereas the 
conventional alignment approach is to find the unique optimal parameters (in-plane rotations and 
translations) for an image, the maximum-likelihood approach is to integrate over probability 
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distributions of all possible values and assign a number of in-plane orientation values to each image 
with proper weights.  
This idea was later extended to 3D image classification and proved to be a particularly 
powerful tool for separating mixtures into structurally homogeneous subsets in both 2D (80) and 
3D classification (15). Rather than a single class, the object is assigned to a member of several 
classes with probability weighting factors that are derived from the similarities between the object 
and the class averages. Application of the maximum likelihood method in 3D classification to a 
dataset of E. coli 70S ribosomes bound with EF-G provided the first indication that different 
structural states could be separated (15,81). 
More recently, a variant of the maximum-likelihood approach was introduced in the form 
of an empirical Bayesian approach (19). The difference between the earlier maximum-likelihood 
approaches and this current Bayesian approach lies in a regularization term that expresses the prior 
knowledge about the 3D reconstruction:  
𝑃(Θ|𝑋, 𝑌) ∝  𝑃(X|Θ, 𝑌) 𝑃(Θ|𝑌)  
𝑃(X|Θ, 𝑌) is the likelihood that quantifies the probability of observing the data given the model 
with parameter set Θ ;  𝑃(Θ|𝑌)  expresses how likely that parameter set Θ  is, given the prior 
information. Optimizing the posterior distribution 𝑃(Θ|𝑋, 𝑌)  is called maximum a posteriori 
estimation (MAP), whereas optimizing the likelihood 𝑃(X|Θ, 𝑌)  is the maximum likelihood 
estimation.  
Specifically, in the field of cryo-EM, our target is to find a solution for the 3D EM density 
distribution with parameter sets Θ = {𝑉1, 𝑉2, … , 𝑉𝑘}  based on the observed data 𝑋 =
 {𝑋1, 𝑋2, … 𝑋𝑁}, and the prior knowledge 𝑃(Θ|𝑌). N is the number total of particles, and K is the 
number of different structures. These structures{𝑉1, 𝑉2, … , 𝑉𝑘} differ from each other in terms of 
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composition and/or conformation. An experimental observed particle 𝑋𝑖 is a 2D projection of one 
of the 3D structure 𝑉𝑘𝑖 . The prior knowledge is the fact that the density of macromolecular 
structure is a smooth function. 
More specifically, recall the weak-phase object approximation introduced in section 1.2.1, 
the observed data 𝑋𝑖 can be expressed as following,  







 𝑋𝑖𝑗 is the j-th component of the 2D Fourier transform of the observed 2D particle 𝑋𝑖. 
i=1,2,…N. j=1,2,…J and J=D2. (D is the number of pixels in 1D). 
 𝐶𝑇𝐹𝑖𝑗 is the j-th component of the contrast transfer function (CTF) of 𝑋𝑖. 
 𝑉𝑘𝑖𝑙 is the l-th component of the 3D Fourier transform of the 3D structure 𝑉𝑘𝑖, l=1,2,…L 
and L=D3. 
 𝑁𝑖𝑗 is the noise in Fourier space, which follows the Gaussian distribution with mean 
value=0 and variance 𝜎2. 
 
For the detailed solution of MAP see (58) and for its implementation details see (19,20). 
For a schematic interpretation of the Bayesian approach implemented in RELION, see Figure 1.7. 
The Bayesian approach has the potential to yield clean, high-resolution reconstructions 
with a minimum of user intervention mainly because (i) the powers of noise and signal are inferred 
from the data, (ii) CTF (contrast transfer function) effects on both phases and amplitudes are 
corrected iteratively, and (iii) overfitting is monitored by the independent refinement of two 
separate halves of the data (82). The RELION software package has streamlined the whole image 
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processing workflow and provided the community a tool for high-resolution structure 





Figure 1.7 Schematic illustration of the Bayesian approach. The structure is iteratively refined 
through a two-step procedure. The first step, which is called Expectation in mathematical terms, 
has been labeled “E step: Alignment.” In this step, calculated projections of the structure are 
compared with the experimental images, resulting in information about the relative orientations of 
the images. Orientations are assigned in a probability distributions manner. The second step is 
called Maximization and has been labeled “M step: Reconstruction.” In this step, the 
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experimentally observed images are combined with the constructing prior information, 
smoothness, into a 3D reconstruction. The estimates for the powers of noise and signal in the data 
are also updated. The relative contributions of the experimental data and the prior to the 
reconstruction are dictated by Bayes' law and depend on the powers of noise and signal in the data. 
The new structure and the updated estimates for the powers of noise and signal are then used for 
the subsequent iteration. Iterations are typically stopped after a user-defined number or when the 
structures do not change significantly. Figure is adapted from (19). 
 
1.4.3. Current availability of single-particle cryo-EM 
Single-particle cryo-EM has evolved very dramatically since its first recorded application 
to T4 bacteriophage tail (1). A few years ago, single-particle cryo-EM was usually not the first 
choice for many biologists due to its limited resolution. Now, this method rivals conventional X-
ray crystallography and has gained world-wide attention. The development of new instrumentation 
and image-processing methods, and as well as the advent of automation in data collection and 
analysis, have transformed cryo-EM, enabling understanding of complex structures and their 
functions at the near-atomic level.  
Achieving crystallographic-resolution structures 
The recent technological advances have led to a major breakthrough in achievable 
resolution, resulting in many 3 ~ 5 Å resolution structures of biological molecules, ranging from 
ribosomal particles to integral membrane proteins. Figure 1.8, Table 1.2 and Table 1.3 summarize 
part of the cryo-EM structures that were determined using a DDD to a resolution beyond 5Å (data 
were released on EMDB by June 2016). These structures serve as good illustrations of the 
opportunities that the new advanced technology has provided for structural biology research. Here 
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I would like to highlight the first three groups that obtained structures beyond 3.5 Å, at which most 
of the amino acid side chains were visible and the atomic model can be built de novo. The Cheng 
lab at UCSF solved the atomic structure of a transient receptor cation channel (TRPV1) channel 
using the GATAN K2 DDD camera in 2013 (22,83). In the year of 2014, the Kühlbrandt and 
Vonck groups at the Max Planck Institute in Frankfurt solved the structure of F420-reducing [NiFe] 
hydrogenase (FRH) at resolution of 3.4 Å (84) and the Ramakrishnan and Scheres groups at the 
MRC obtained the structure of the large subunit of the mitochondrial ribosome from yeast at a 
resolution of 3.2 Å (85).   
At these resolutions, cryo-EM density maps of large macromolecular assemblies are 
comparable to those obtained by X-ray crystallography. Thus, the tools developed for the building 
and refinement of crystal structures could be adopted for cryo-EM. The models for the three 
structures mentioned above were built using COOT (86) and refined using REFMAC (87), the 
programs original designed for, and are widely used in, X-ray crystallography.  
Working with heterogeneous specimens  
One major asset for cryo-EM is that it can work on structurally heterogeneous samples. 
Complexes of ribosomes with different factors are good examples (Table 1.2). In the instance of 
the 80S ribosome in complex with eFI5B, the structurally most interesting state only represented 
3% of the recorded particle images (88). Other ribosome examples are the P. falciparum 80S 
ribosomes (89), the mitochondrial S. cerevisiae large ribosomal subunit (85), the 80S ribosome 
bound with IRES (90) and CrPV IRES (91). In all these cases, a maximum likelihood-based 3D 
classification procedure was successfully used to separate particles corresponding to the 
structurally different states. For other complexes that are smaller than the ribosomes, or that 
contain continuously flexing domains, disentangling the structurally heterogeneity is more 
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difficult. For example, in the case of γ-secretase, 3D classification was used to enrich the data set 
with good particles, but density for the flexible transmembrane domain was poorly resolved. In 
order to tackle these problems, a modified focused classification and refinement method was used, 
which focuses on the target region of each experimental image after subtraction of the averaged 
signal. (Focused classification was originally developed by Penczek et al (94), and the signal 
subtraction idea has also been used in several different studies before (92-95).) Using the 
maximum-likelihood approach, the modified focused classification method has been able to 
visualize conformational dynamics of flexible regions that only differ in a few α-helices (97). 
Moreover, the implementation of this method into RELION software package makes it more easily 
assessable and applicable.  
In addition, the use of automated data acquisition, such as Leginon (98), enables collecting 
large datasets in relatively short periods of time. With larger image datasets, it will be possible to 
classify particle images with very subtle conformational differences. 
Working with smaller specimens  
The quality of the cryo-EM map of a molecule depends on the accuracy with which the 
particle images can be aligned. Alignment works better for larger particles (99). Samples such as 
viruses or ribosomes are now being routinely pursued using cryo-EM, rather than X-ray 
crystallography. However, molecules with smaller size used to pose difficulties for achieving 
atomic-resolution structures, because of the low contrast images. Currently, the new camera 
technology, with a combination of rapid readout and nearly noiseless electron counting, can 
provide images with notable high contrast and high-resolution image information. Researchers at 
MRC-LMB and Tsinghua University obtained 3Å resolution for a small molecule, γ-secretase, 
which only has a total molecular weight of 170kDa (23,97,100). Moreover, at the time this chapter 
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is being edited, the Subramaniam group from NIH have reached the near-atomic resolution 
structure of an even smaller molecule, a 93 kDa enzyme (101). These exciting results show the 




Figure 1.8 Number of maps achieving a given resolution in the years from 2012 to 2015. Y-






Sample Resolution Detector Software EMDB 
Yeast 60S subunit 2.9 Å GATAN K2 FREALIGN 6478 (102) 
P. falciparum 80S ribosome + 
emetine 
3.2 Å Falcon II RELION 2660 (103) 
Yeast 80S mitoribosome 
(LSU) 
3.2 Å Falcon II RELION 2566 (85) 
Human 80S mitoribosome 
(LSU) 
3.3 Å Falcon II RELION 2879 (104) 
D. discoideum 60S subunit + 
eIF6 + SBD 
3.3 Å Falcon II RELION 3145 (105) 
Human 80S ribosomes (POST 
state) 
3.5 Å Falcon II SPIDER/SPARX 2875 (106) 
E. coli 70S ribosome + EF-G 3.6 Å Falcon II RELION 6315 (107) 
80S ribosome + CrPV-IRES 3.7 Å Falcon II RELION 2599 (91) 
80S ribosome + eIF5B 4.3 Å Falcon I RELION 2421 (88) 
Yeast 80S ribosome 4.5 Å Falcon I RELION 2275 (21) 
Table 1.2. Recent cryo-EM single-particle reconstructions of ribosomes that were obtained 








Sample Resolution MW Detector Software EMDB 
Glutamate dehydrogenase 1.8 Å 0.3 MDa 
K2 (XP-
sensor) 
FREALIGN 8194 (101) 
β-galactosidase + PETG 2.2 Å 0.5 MDa Falcon II FREALIGN 2984 (108) 
T20S proteasome 2.8 Å 0.7 MDa K2 RELION 6287 (24) 
TRPV1 + DkTx + RTX 
(by nanodiscs) 
2.95 Å 0.3 MDa K2 RELION 8117 (109) 
TRPV1 3.3 Å 0.3 MDa K2 RELION 5778 (22) 
F420-reducing 
hydrogenase Frh 
3.4 Å 1.2 MDa Falcon II RELION 2513 (84) 
Zika virus 3.8 Å 10 MDa Falcon II EMAN 8139 (110) 
TRPV1 + DkTx + RTX 3.8 Å 0.3 MDa K2 RELION 5776 (83) 
Human core-PIC 3.9 Å 0.9 MDa K2 RELION 8136 (111) 
Dengue virus 4.1 Å 50 MDa Falcon I EMAN 2485 (112) 
Rotavirus 4.4 Å 35 MDa DE -12 FREALIGN 5488 (18) 
Human γ-secretase 4.5 Å 
0.17 
MDa 
K2 RELION 2677 (100) 
Sulfolobus turreted virus 4.5 Å 75 MDa Falcon I FREALIGN 5584 (113) 
Table 1.3. High-resolution cryo-EM single-particle reconstructions that were obtained using 
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Chapter 3  Changes in the structure of Saccharomyces cerevisiae ribosomes in response to 
carbon source shift 
 
This chapter is a manuscript under preparation. Sun, M., Shen, B., Li, W., Samir, P., Link, A. and 
Frank, J. (2016). “Cryo-EM study of S. cerevisiae ribosomes in response to change in carbon 
source” (in-preparation).  
 
 
3.1  Introduction 
One of the fundamental challenges for cell physiology is understanding how balanced 
growth is achieved in the face of a complex and fluctuating environment which includes, for 
instance, fluctuations in temperature, nutrient availability, and physical forces (1). Unicellular 
organisms such as the yeast Saccharomyces cerevisiae have evolved autonomous mechanisms for 
adapting to drastic environmental changes. These mechanisms sense and respond to external 
changes through multiple interconnected signaling pathways, which often bring about changes in 
gene expression (2). 
Nutrients, being among the most important environmental stimuli, can control the growth 
of cells at the level of both transcription and translation (3). Starvation for amino acids or purines 
is known to cause a general inhibition of translation as well as an activation of many genes 
involved in amino acid biosynthesis (4). Starvation for macro-nutrients, such as glucose, nitrogen 
or phosphorous, can cause cells to arrest growth and become quiescent, with reduced transcription 
and translation activities, and increased tolerance to stress (5). It has been shown that upon nutrient 
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repletion, yeast can immediately return to growth and division. Expression-profiling analysis of 
quiescent S. cerevisiae cells showed that at least 2,500 genes respond to glucose repletion within 
5-10 min (6,7). Many of these glucose repletion-induced genes are involved in protein synthesis, 
post-translational modification, and mitochondrial functions (6,7).   
In our studies, we are particularly interested in glucose since it is the preferred carbon 
source for S. cerevisiae growth and is an activator of numerous signaling pathways and changes 
in gene expression (8). Several well characterized signaling pathways have been previously 
identified, including the target of rapamycin (TOR), hexose transporter (HXT) induction, and the 
protein kinase A (PKA) pathways (4). These translationally mediated networks in S. cerevisiae 
collectively sense the level of glucose and initiate the cellular responses. On the molecular level, 
run-on transcription assays revealed that depletion of glucose induced reduction in the rates of 
transcription and the degradation of mRNAs (8). However, the majority of these responses 
appeared to regulate gene expressions at the transcriptional level. 
Recent findings have showed that changes in the translational control occurs after nutrient 
changes. Ashe and coworkers performed polysome profiling experiments to investigate the effect 
of glucose depletion on translation activities (4). The authors found that glucose withdrawal results 
in a loss of polysomes and an increase in the abundance of 80S monosomes. This change in 
polysome profile was rapid and reversible. They also found that the cell’s nutritional status altered 
the translational activity without affecting transcription (4). 
The ribosome a macromolecular assembly composed of ribosomal proteins (r-proteins) and 
RNAs (rRNAs) performs protein synthesis in all living cells. It translates genetic information 
carried by mRNAs into polypeptide chains, which then folds into functional proteins. In eukaryotes, 
the ribosome is formed by two subunits 40S and 60S. The small eukaryotic 40S subunit consists 
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of the 18S rRNA and 32 r-proteins. It contains the messenger decoding center, which facilitates 
and monitors base-pairing between a codon of mRNA and the anticodon of the cognate tRNA (9). 
The large 60S subunit is comprised of three rRNAs, 28S rRNA, 5.8S rRNA and 5S rRNA, and 46 
r-proteins. Its main functions are to catalyze peptide bond formation, provide the binding sites for 
the elongation factors and to serve as the conduit (exit tunnel) for the nascent peptide chain. 
Traditionally, the ribosome has been considered a defined structure, capable of precisely 
accomplishing all steps of protein synthesis. However, evidence of ribosome heterogeneity at the 
level of ribosomal components and post-translational modifications, has been found across a 
variety of species (10-12). In bacteria, ribosomes that contain sequence-specific rRNAs facilitate 
the selective translation of leaderless mRNAs in stress response (13). In vertebrates, ribosomal 
proteins have been found to exhibit tissue-specific expression patterns (14,15). In S. cerevisiae, 
mass spectrometry analysis has shown the stoichiometry of r-proteins to be dependent on the 
source of carbon (16). 
We have conducted studies on the yeast cell’s adaption to different carbon sources. We 
replaced glucose, a fermentable carbon source, with glycerol, a non-fermentable carbon source, to 
induce a less optimal condition in the cell. Isobaric Tag for Relative and Absolute Quantitation 
(iTRAQ) methods, followed by multi-dimensional protein identification technology (MudPIT), 
were used to quantitatively monitor the steady-state proteome after the carbon source shift. A total 
of 379 proteins, many related to protein synthesis and translational control pathways, were found 
to be differentially expressed in response to a shift from glucose to glycerol (1).   
To directly visualize the effect of carbon source switch on ribosomal compositions, we 
performed cryo-electron microscopy (cryo-EM) experiments on purified ribosomes in a time series. 
Notably, we obtained reconstructions of the 80S ribosomes at selected time points after the shift, 
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and observed that a fraction of ribosomes lacked densities for r-proteins, mainly eS1 (yeast rpS1) 
on the 40S subunit and uL16 (yeast rpL10) on the 60S subunit. We found that the binding of ratio 
of eS1 and uL16 to other ribosomal proteins also changed as a function of time, consistent with 
the change in translational activities as gauged by polysome profiling. On the basis of these 
observations, along with previous structural and genetics studies of the roles of eS1 (17) and uL16 
(18), we propose that rapid control of translation is exerted through the dissociation of r-protein 
eS1/rpS1 and uL16/rpL10 from the ribosome. Our studies thus open a new venue on the 
exploration of S. cerevisiae’s rapid adaption to carbon source shifts at the level of translation.  
 
3.2  Results 
Yeast cell consumes fermentable carbon sources in preference to other carbon sources (3). 
In this study, S. cerevisiae cells were first grown in the rich medium with glucose (YP) to the mid-
log phase and then shifted to rich medium with glycerol (YPG). Cells were harvested at the 
different time points after the shift, 0, 30, 120, 240, 450, and 1440 minutes and ribosomes were 
purified using standard methods. The T=0 min time point sample was harvested at the mid-log 
phase in glucose based on OD660 measurements. 
 
Cryo-EM reconstructions of S. cerevisiae ribosomes 
Initial cryo-EM study. Cryo-EM experiments were performed on the purified ribosomes 
after shifting yeast cells from glucose to glycerol, using an FEI Tecnai F20 electron microscope 
(FEI, Portland, OR) at 200 kV, equipped with a 4k x 4k CCD camera (Gatan, Pleasanton, CA). A 
total of ~121k particles were selected from 2,661 micrographs from the six time-resolved sample 
sets. Hierarchical classification was performed using the RELION program (19), in conjunction 
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with a quantitative analysis of convergence (20). To further explore the result quantitatively, we 
used a new classification scheme, which tracks the shifts of sub-populations and ensures the 
maximum number of particles for the reconstruction of each of ribosome classes (Shen, B, Sun, 
M., Li, W., Samir, P., Link, A. and Frank, J., in-preparation) (flowchart, see Supplementary Figure 
S3.1). 
The majority of the cryo-EM ribosome images were complete 80S ribosomes, bound with 
P/E-tRNA, A/P-P/E-tRNAs or P-E-tRNAs, strongly suggesting they were biologically functional. 
However after shifting from glucose to glycerol, we noticed a considerable fraction of 80S 
ribosomes that lacked the density for r-proteins eS1 (yeast rpS1) and uL16 (yeast rpL10) along 
with their interaction partners (Supplementary Figure S3.2).  
Full-scale cryo-EM study. Prompted by the observation of the change in r-proteins 
composition of 80S ribosomes, we used an FEI Polara TF30 electron microscope operating at 
300kV, equipped with GATAN K2 Summit direct detector camera (Gatan, Pleasanton, CA), to 
collect a larger dataset in an attempt to improve the resolution. A total number of ~291k particles 
were selected from 6576 micrographs from the six time-resolved sample sets. The six data sets 
were pooled together for further classification and refinement (for details of the data processing 
procedure, see Supplementary Figure S3.1). 
The first tier in the hierarchical unsupervised classification revealed two major populations, 
namely 80S ribosomes that are complete, and 80S ribosomes that lack density for uL16 r-protein 
and/or eS1 r-protein. Since reconstructions from both populations showed fragmented densities, 
we performed a second tier of exhaustive unsupervised classification. 
For the population of complete 80S ribosome, we found five major subpopulations, 
differing in the occupancies with tRNAs and the presence or absence of intersubunit rotation 
66 
 
(Supplementary Figure S3.1 and Supplementary Table S3.1). The five complete ribosome 
subpopulations were (i-iii) rotated 80S bound with hybrid P/E tRNA, (denoted as rt80-P/E). These 
three classes differed from each other in the extent of their head movements; (iv) non-rotated 80S 
bound with classically configured P- and E-tRNAs (denoted as nrt80S-P-E); (v) non-rotated 80S 
without tRNAs (denoted as nrt80S-empty). The resolutions of the density maps reconstructed from 
these classes ranged from 5.6Å to 7.6Å (FSC=0.143, following ‘gold-standard’ protocol). 
For the population of incomplete 80S ribosomes, subsequent classification revealed five 
different subpopulations, distinguished by presence or absence of r-proteins (Supplementary 
Figure S3.1 and Supplementary Table S3.1): (i) 80S lacking density for uL16 (Figure 3.1A); (ii-
iii) 80S ribosomes lacking densities for both uL16 and eS1 (Figure 3.1B and C); (iv-v) 80S 
ribosomes lacking densities for both uL16 and eS1, as well as densities for small fragments of 
rRNA (Figure 3.1D and E). The resolution of these density maps ranged from 6.15Å to 9.8Å 







Figure 3.1 (A). Cryo-EM reconstruction of S. cerevisiae 80S ribosomes altered in response to 
glucose-to-glycerol switch. Shown above is a map reconstructed from the sub-population of 
incomplete 80S ribosome that lacks only the density for uL16 protein (class 1, in Supplementary 
Table S3.2). In the right zoomed-in panels, cryo-EM densities are shown in transparency. The X-
ray structure of S. cerevisiae (PDB 4V88) 40S and 60S subunits were separately rigid-body fitted 













Figure 3.1 (B) (C). Cryo-EM reconstructions of S. cerevisiae 80S ribosomes altered in 
response to glucose-to-glycerol switch. Shown above is a map reconstructed from the sub-
population of incomplete 80S ribosomes lacking the density for both eS1 and uL16 r-proteins. The 
interacting partners of eS1, eS26 and uS11 are missing as whole. (B) Rotated incomplete 80S 
ribosomes (Class2). (C) Non-rotated incomplete 80S ribosomes (Class 3) (class assignment is 
defined in Supplementary Table S3.2). In the zoomed-in panels, cryo-EM densities are shown in 
transparency. The X-ray structure of S. cerevisiae (PDB 4V88) 40S and 60S subunits were 








Figure 3.1 (D) (E). Cryo-EM reconstructions of S. cerevisiae 80S ribosomes altered in 
response to glucose-to-glycerol switch. Shown above is a map reconstructed from the sub-
populations of incomplete 80S ribosomes lacking the densities for both eS1 and uL16 proteins, as 
well as H38 of 28S rRNA. The interacting partners of eS1, eS26 and uS11 are missing as whole. 
(D-Class 4, E-Class5) (class assignment is defined in Supplementary Table S3.2). In the zoomed-
in panels, cryo-EM densities are shown in transparency. The X-ray structure of S. cerevisiae (PDB 
4V88) 40S and 60S subunits were separately rigid-body fitted into cryo-EM densities using UCSF 









Global conformational changes of ‘incomplete’ 80S ribosomes 
We also analyzed the conformational changes of the 80S ribosomes after the shift from 
glucose to glycerol.  We observe two main degrees of freedom, namely inter-subunit rotation (22) 
and swivel movement of the 40S subunit head (23). Compared with the nrt80S-P-E class, which 
resembles the post-translocational state in the translation elongation process, the class of 
incomplete 80S ribosomes (class iii) that lacks both uL16 and eS1 r-proteins was found in the non-
rotated state. The class that lacks uL16 but has eS1 bound (class i) displayed a ~9 degree counter-
clockwise inter-subunit rotation (seen from 40S subunit solvent side). We found no tRNAs in these 
incomplete classes, indicating these ribosome were not actively translating (Figure 3.2A). 
Additionally, maps reconstructed from the incomplete 80S ribosome classes all display 
unusually large 40S subunit head back-swiveling rotations, ranging from ~13 to ~18 degrees 
(Figure 3.2B). By comparison, these rotations are limited to ~4 degrees in eEF2-bound yeast (24), 








Figure 3.2. Global conformational changes of incomplete 80S ribosomes. (A) Inter-subunit 
rotation and 40S subunit head-swiveling movements in incomplete 80S (class 1). Comparison of 
the 40S subunit positions in nrt80S-P-E state (yellow) and the incomplete 80S (class 1) (orange).  
(B) Head-swiveling movements in incomplete 80S (class 3). The position of eS1 on nrt80S-P-E 
state is highlighted by a red circle. Comparisons were obtained by structural alignment on the 60S 
subunits of the 80S ribosomes using UCSF Chimera (21).  
 
 
The binding of uL16 and eS1 and their interacting partners 
The most notable finding in our study is the absence of eS1 from 40S subunits and uL16 
from 60S subunits. Small-subunit r-protein eS1 is located at the mRNA exit tunnel, and has direct 
contacts with helix 26 (H26) of the 18S rRNA and the uS11 and eS26 proteins. In the class of 
incomplete 80S ribosomes lacking eS1, we also found that uS11 and eS26 either displayed 
scattered densities or were completely absent from the ribosome, suggesting weak binding affinity 
to the 40S subunits (Figure 3.1). 
The large subunit’s r-protein uL16 is located in the inter-subunit corridor where aminoacyl-




functionally important sites via its C-terminal region (P-loop), including the peptidyl-transferase 
center (PTC), H38 of the 28S rRNA (also known as A-site finger), and the elongation factor 
binding site. It also has interactions with 5S rRNA via its C-terminus and with H69 of the 28S 
rRNA via its conserved internal loop (18). In the population of incomplete 80S ribosomes, we also 
found that H38 of the 28S rRNA and its neighboring helices displayed scattered densities. (Figure 
3.1D and E, and Supplementary Table S3.2).  Such flexibility is not commonly observed in any of 
our group’s 80S ribosome structural studies or other published studies. It suggests that the binding 
of uL16 to 60S subunits may aid in the stabilization or the correct folding of H38.  
 
The binding of eS1 and uL16 to 80S ribosomes altered upon carbon source switch  
To quantitatively investigate the binding behavior of eS1 and uL16 to ribosomes, we 
monitored the numbers of ribosomal particles that were assigned to the population of ‘complete 
80S’ and ‘incomplete 80S’ at different time points, T = 0, 30, 120, 240, 450, and 1440 min using 
our previously described classification strategy (Shen, B., et al 2016).  
In order to test random experimental variation, we performed the same pooling and 
tracking strategy in two independent cryo-EM experiments. In both studies, the quantity of 
particles assigned to the ‘incomplete 80S’ population increased in the first 30 min after shifting 
from glucose to glycerol. After the glucose-to-glycerol switch, the binding ratio of uL16 and eS1 
to 80S ribosomes decreased in the first 30 min (Figure 3.3). 
During this time, the binding ratio of uL16 and eS1 to 80S ribosomes decreased from ~83% 
to ~66%, and it remained relatively stable: ~64% at T=120 min and ~62% at T=240 min. After 
incubation in glycerol for 450 min, the binding of uL16 and eS1 in 80S ribosome recovered from 






Figure 3.3. Structural inventory as a function of time. “Incomplete 80S” (red) refers to 
ribosomes that lack eS1 and/or uL16. The x axis represents the time (min) that cells were incubated 
at glycerol conditions. The y axis represents the percentage of incomplete 80S and complete 80S 
ribosomes. Generally, percentage of complete 80S ribosomes per each sample set decreased upon 
onset of glucose-to-glycerol switch. It reflects the decrease of general binding ratio of eS1 and 









Change of polysomal fractions in response to carbon source switch 
Since we found that the percentage of complete 80S ribosome decreased following the 
carbon source switch, we speculated whether global translational activities would also display a 
similar change. We performed polysome profiling experiments on the time series. Our polysome 
profiling revealed a re-distribution of polysome into the 80S peak after the 30 min cells shifted 
from glucose to glycerol (Figure 3.4). After 240 min incubation, the polysomal fractions recovered 
to a similar level seen in the 450 min samples (Figure 3.4). A similar re-distribution of polysomal 




Figure 3.4. The carbon source switch from glucose to glycerol inhibits translation activities. 
Polyribosome traces from the wild-type strain. Yeast was grown in complete medium containing 
glucose and re-suspended in medium containing glycerol for the indicated times (minutes).  
Polyribosomes were analyzed as described in ‘Materials and Methods’. The peaks that contain the 
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small ribosomal subunit (40S), the large ribosomal subunit (60S), and both subunits (80S) are 
indicated by arrows. The polysome peaks are bracketed.  
 
3.3 Discussion 
Rapid response to carbon source switch affected by release of two r-proteins 
One of the simplest and fastest ways to modify or abolish the function of a multi-subunit 
assembly is to alter the relative abundance of individual components that are crucial for its function 
(28). Proteomic studies on eukaryotic ribosomes have revealed that the cell can alter the 
stoichiometry of core r-proteins and thereby alter the translational efficacy of distinct mRNAs 
(16,29). Our studies revealed that the binding of eS1 and uL16 proteins to ribosomes changes 
rapidly in response to glucose-to-glycerol switch. Considering the time required for ribosome 
biogenesis, we must attribute this observed change in r-protein composition to release of proteins 
bound to the ribosome after the carbon source switch, rather than a failure or active inhibition of 
their incorporation during ribosome biogenesis. Ribosome biogenesis is a time- and energy-
consuming process that requires hours to complete (30,31). Considerations of parsimony in energy 
consumption alone would not favor this mode of regulation. With this in mind, the role of eS1 and 
uL16 in ribosome is expected to play a crucial role. 
 
The absence of eS1 on the 40S subunit and polysome formation 
Depletion of eS1 is known to moderate reduce cell growth (32). Structural studies have 
shown that the mammalian eukaryotic polysome complex is arranged in a left-handed supra-
molecular helix, in the core region of which 80S ribosome are closely packed (17). There are three 
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main clusters of inter-ribosome contact sites within the core region. The r-protein eS1 along with 
its neighbors, uS11, eS26, h16, contribute to one of these clusters (17). 
In our study, the binding ratio of eS1 and its neighbors to 80S ribosomes decreased as a 
function of time during the shift from glucose to glycerol (Figure 3.3). Moreover, the polysomal 
fractions also decreased within 30 min, which indicates that the general translation activities were 
reduced during this time span. In addition to our observation on eS1, cDNA microarray results 
also showed that the presence of eS1 and formation of polysomes is correlated. They found that 
eS1 mRNA relocalizes from the polysomal fractions to the 80S fractions in response to glucose-
to-glycerol switch (27). Given these observations and results, the polysome formation is likely to 
be regulated by the presence or absence of eS1 from the ribosome. However, understanding the 
exact structural effects of eS1, relative to the other inter-ribosomal “glue” components, on the 
entire polysome formation requires further study.  
 
The absence of uL16 on the 60S subunit and inhibition of translation  
Unlike eS1, r-protein uL16 (rpL10 in yeast) is an essential protein and its null mutation is 
required for cell growth (33). The uL16 loop mutants (S104D) showed differences in 
peptidyltransferase activity and translational fidelity compared to wild-type ribosomes (18). In 
terms of ribosomal conformations, the S104D mutant drives the ribosome toward the rotated state, 
while a second uL16 mutant, A106R, causes vacant ribosomes to shift toward the non-rotated state 
(18). In our cryo-EM reconstructions of incomplete 80S subpopulations, we found that four classes 
lack both r-proteins uL16 and eS1, while one class lacks only uL16. Moreover, the subpopulation 
of incomplete 80S ribosomes did not show any preference of rotated versus non-rotated 
conformations (rotated 80S: non-rotated 80S ~ 1:1), while the subpopulation of complete 80S 
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ribosomes strongly favored the rotated conformation (rotated 80S: non-rotated 80S ~2.8:1). In 
summary, release of essential protein uL16/rpL10 is expected to completely disable translation on 
the ribosome. 
 
3.4  Conclusions  
Understanding the regulation and structure of ribosomes is essential to understanding their role 
in the cell’s adaption to environmental changes at the translation level. Here, we performed a time 
series of cryo-electron microscopy experiments on purified 80S ribosomes to characterize the 
global changes in ribosomal proteins that accompany the adaptation of Saccharomyces cerevisiae 
switched from a fermentable to a non-fermentable carbon source. The most notable observation is 
the release of r-protein eS1 and uL16 from the ribosomes to which they are bound, and the resulting 
decrease in the binding ratio of the proteins as a function of time. In addition, our polysome 
profiling data showed a reduction in general translational upon carbon source switch. Taken 
together, these findings suggest the existence of a mechanism for rapid control of translation that 
is exerted through the release of specific ribosomal proteins, and provide additional support to the 
view that r-protein composition serves as a means to remodel the translational machinery upon 
environmental change. Because of the complexity of this regulatory mechanism, there is a great 
need for in-depth studies to gain comprehensive insight into the functional reprogramming of the 
ribosome. Among the unsolved questions are the molecular mechanisms causing the release of eS1 
and uL16, the impact of the presence/absence of these proteins on the formation of polysome, and 





3.5  Materials and Methods 
Strains and media 
All experiments used the diploid S. cerevisiae strain BY4743, which has been previously 
described (34). Cells were grown using standard techniques (35). 
Ribosome isolation and purification 
S. cerevisiae cells were grown in YPD (1% yeast extract, 2% peptone, 2 % glucose) media 
and shifted to YPG (1% yeast extract, 2% peptone, 3% glycerol) at the following time points, 0min, 
30min, 120min, 240min and 450min. Ribosomes were isolated and purified as described following. 
Cells were first centrifuged at 2000 rpm for 5 min at 4℃ using a Sorvall 
HLR6/H600A/HBB6 rotor in Sorvall RC-3B centrifuge and washed with ice cold deionized H2O.  
The pellets were resuspended in 1 mL ice cold wash buffer (10 mM Tris pH 8, 5 mM β-
mercaptoethanol, 500 mM ammonium chloride, 100 mM magnesium acetate) and lysed at 4℃ 
using glass beads and a Bead Beater (BioSpec, Inc) for 10 min as previously described (36). Cell 
suspension was clarified centrifugation at 20,000g for 15 min at 4℃. The pellet was discarded and 
the supernatant was overlaid onto a 5-20% discontinuous sucrose gradient prepared in wash buffer. 
The gradients were centrifuged at 28,000 rpm using a SW-41 swinging bucket rotor for 18 h at 
4℃. The ribosome-enriched pellet was resuspended in ice cold 1 mL standard buffer (10 mM Tris 
pH 8, 5 mM β-mercaptoethanol, 50 mM ammonium chloride, 5 mM magnesium acetate) and 
centrifuged for 10 min at 10,000g at 4℃. The pellet was discarded and the ribosome suspension 
was stored at -80℃. 
Polysome profiling 
Polysome profiling was modified from previous methods (36). S. cerevisiae cells were 
grown in YPD to mid-log phase. Strains were then transferred to YPG and allowed to continue to 
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grow. At 30 min, 120 min, 240 min and 450 min, cells were collected and lysed as previously 
described. Protein concentration was layered on top 7% - 47% sucrose gradients and centrifuged. 
Cryo-electron microscopy 
Four microliters of purified ribosomes were applied to holey carbon grids (carbon-coated 
Quantifoil R2/4 grid, Quantifoil Micro Tools, GmbH, Großlöbichau, Germany) containing an 
additional continuous thin layer of carbon, glow-discharged using Gatan Solarus 950 (37). Grids 
were blotted for 4 s at 4°C in 100% humidity and vitrified by plunging into liquid ethane cooled 
with liquid nitrogen, using the Mark IV Vitrobot (FEI, Hillsboro, Oregon) (38). 
For the initial studies, six data sets, T=0 min, 30 min, 120 min, 240 min, 450 min and 1440 
min, were collected on a FEI Tecnai F20 electron microscope (FEI, Hillsboro, Oregon) operating 
at 200 kV, equipped with a 4k x 4k CCD camera (Gatan, Pleasanton, CA). Images were recorded 
using the automated data collection system Leginon (39), and taken at the magnification of 5,000 
x, corresponding to a calibrated pixel size of 2.245 Å. 
For the full-scale study, data (T=0, 30, 120, 240, 450 and 1440 min) were collected on a 
TF30 Polara electron microscope (FEI, Hillsboro, Oregon) operating at 300 kV, set up with a K2 
Summit direct electron detection camera (Gatan, Warrendale, PA). Images were recorded using 
the automated data collection system Leginon (39) in counting mode, and taken at the nominal 
magnification of 23,000 x, corresponding to a calibrated pixel size of 1.66 Å. The dose rate was 
nominally set to 8 electron counts per physical pixel per second (40) and the total exposure time 
was 8 seconds. Image stacks were collected in a defocus range of −1.5 μm to −3.5 μm, fractionated 






Six time-resolved sample sets, T=0, 30, 120, 240, 450 and 1440 min, were pooled and 
processed together. Frist the dose-fractionated image stacks were corrected for beam-induced 
motion, using the method of Li et al. (41), and averages of all 20 frames were used for image 
processing. A total number of ~291k particles were extracted from 6576 selected averaged images. 
Particle picking was using the ara-autopick and ara-crop tools in Arachnid, and contrast transfer 
function parameters were estimated using the sp-defocus tool in Arachnid (42). 3D classification 
was performed to discard defective particles and identify structurally homogeneous subsets, using 
RELION (version 1.2) software (43). 
Initial RELION 3D classification, with K = 10 classes and an angular sampling of 1.8°, 
revealed two major populations, namely 80S ribosomes that are complete, and 80S ribosomes that 
lack densities for uL16 r-protein and/or eS1 r-protein, (denoted in the following as ‘complete 80S’ 
and ‘incomplete 80S’, respectively). Since reconstructions from both populations showed 
fragmented densities, we performed a second tier of exhaustive 3D classification to further explore 
the heterogeneity. We quantitatively and qualitatively analyzed the classification result, by (1) 
quantitative jumper analysis (20), and (2) prior structural knowledge of S. cerevisiae 80S 
ribosomes. In such way, we re-grouped classes which have are conformational and compositional 
similar, and performed RELION auto-refinement on each class. (Supplementary Figure S3.1). 
In total, we found ten major subpopulations, five complete 80S populations and five 
incomplete 80S populations. For the population of complete 80S ribosomes, we have (1) rotated 
80S bound with P/E tRNA, with an average resolution of ~5.6Å, (2) rotated 80S with P/E tRNA, 
~6.3Å, (3) rotated 80S with P/E tRNA, ~7.6Å. (4) non-rotated 80S with P/P- and E/E- tRNAs, 
~6.5Å, (5) non-rotated 80S without any tRNAs, ~6.4Å. The first three rotated 80S classes are 
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different from each other by the degree of inter-subunit rotation and head movements, comparison 
with class 4, nrt80S-P-E (Supplementary Figure S3.1). 
For the population of incomplete 80S ribosomes, we have (1) rotated 80S, lacking only the 
density for uL16, with an average resolution of ~9.4Å, (2) rotated 80S, lacking densities for both 
uL16 and eS1, ~6.1Å, (3) non-rotated 80S lacking densities for both uL16 and eS1, ~6.5Å, (4) 
non-rotated 80S lacking densities for both uL16 and eS1, as well as densities for small fragments 
of rRNA, ~9.2Å, (5) non-rotated 80S lacking densities for both uL16 and eS1, as well as densities 
for small fragments of rRNA, ~9.8Å (Figure 3.1 and Supplementary Figure S3.1). 
Resolutions reported were based throughout on the ‘gold standard’ protocol along with the 
FSC = 0.143 criterion, and involved soft masking and high-resolution noise substitution (44). For 
the final visualization, all density maps were corrected for the effects of a soft mask in RELION 














3.6 Supplementary Materials 
 
Supplementary Figure S3.1. Full framework of ‘pooled’ classification strategy and results.  
(A) Schematic diagram of our ‘pooled classification’ data processing procedure.  Samples 
purified from six time points were pooled together and classified using the same. Further analysis 
was based mainly on quantitative jumper analysis (20) with minimum user interference. (B) 
Summary of the full-scale cryo-EM studies. “√”, present; “X”, absent. Cryo-EM reconstructions 
of incomplete 80S ribosomes are presented from front view and colored in light blue (B, left), 
while complete 80S ribosomes are colored in grey (B, right). Resolutions reported are based 
throughout on the ‘gold standard’ protocol along with the FSC = 0.143 criterion, and involved soft 







Supplementary Figure S3.2. Initial studies of S. cerevisiae ribosome altered in response to 
glucose-to-glycerol switch. (A) (B) Positions of eS1 and uL16 on 80S ribosomes. Maps were 
simulated from x-ray structure of S. cerevisiae 80S ribosome (PDB 4V88) in UCSF Chimera. (C) 
(D) Cryo-EM densities of incomplete 80S ribosomes lack the density for eS1 and uL16 proteins. 
X-ray structure of S. cerevisiae 80S ribosome (PDB 4V88) was rigid body fitted into density maps 
in UCSF Chimera (21). Structures of eS1 and uL16 proteins are highlighted in red and magenta 






Class 1 2 3 4 5 
tRNA 
occupancy 
Hybrid P/E Hybrid P/E Hybrid P/E P/P-E/E Empty 
Head movement ~14° ~13° ~12° / / 
Particle No. 73,418 62,643 14,724 21,529 31,352 
Resolution ~5.6Å ~6.3Å ~7.6Å ~6.5Å ~6.4Å 
Supplementary Table S3.1. Summary of main characteristics of populations of complete 80S 
ribosomes. The measurements of head movements was calculated in UCSF Chimera based on the 
helix 34 of 18S rRNA. The crossing angle reported from UCSF Chimera (21) were shown in the 
above table. Class 4, complete 80S bound with classical configured P/P and E/E tRNAs was used 
as the reference to study the global movements of ribosomes. 
 
 
Class 1 2 3 4 5 
Particle No. 12,549 32,277 25,523 10,320 7,081 
Resolution ~9.4Å ~6.1Å ~6.5Å ~9.2Å ~9.8Å 
eS1 √ X X X X 
uL16 X X X X X 
H38 (28S) √ √ √ ** ** 
Supplementary Table S3.2. Summary of main characteristics of populations of incomplete 
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Chapter 4  Time-resolved cryo-EM studies of prokaryotic translation on the millisecond 
time scale 
 
This part is a paper published in Structure, (“Structural dynamics of ribosome subunit association 
studied by mixing-spraying time-resolved cryo-EM”. Structure 23, 1097–1105. PMID: 26004440; 
PMC: PMC4456197), where we described the optimization and application of time-resolved cryo-














































































Chapter 5   Conclusions  
 
My doctoral research studies have focused on the structural characterization of protein 
biosynthesis using cryo-electron microscopy (EM) and single-particle reconstruction, a method of 
structure research developed in the Frank lab. With this method one can produce a three-
dimensional density map at (near-) atomic resolution, making it possible to analyze the dynamic 
changes of ‘molecular machines’, such as ribosomes performing protein synthesis during their 
functional cycle. 
 
5.1  Ribosome of eukaryotic parasites 
A challenge in developing antibiotics effective in combatting human malaria disease is the 
similarity of the translational machinery between parasite and human hosts. In collaboration with 
Dr. Jeffery Dvorin at Harvard Medical School, we characterized the structures of P. falciparum 
ribosome complexes at various states of the translation elongation cycle, and revealed dynamical 
features that differentiate P. falciparum ribosomes from those of human host.  
I started working on this P. falciparum project in 2012 and obtained the first structure of 
P. falciparum ribosome at ~8Å resolution within a year. Thanks to the introduction of the new 
image recording and processing methods, the applicability and resolution of single-particle cryo-
EM have increased dramatically. Our lab stepped with these developments, and benefitted from 
early acquisition of the new DDD camera, GATAN K2 Summit. As one of the first users of the 
new camera, I collected another cryo-EM data set in 2013. For image processing, RELION, a quite 
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powerful 3D classification and high-resolution reconstruction software, was used. RELION is 
based on a regularized likelihood approach, and classifies images into different homogenous 
subsets, each of which may be amenable to refinement into reconstruction with higher resolution 
than the one obtained from the global ensemble. Due to the above advancements, I could 
subsequently push the resolution from ~8Å to ~4Å, and characterize different ribosome complexes 
that coexist in the same sample, which reflect various states in the translation process.  
In addition to the P. falciparum project, I was also actively working on the structural 
characterization of kinetoplastics parasites ribosomes, T. cruzi. In collaboration with Dr. Susan 
Madison-Antenucci at the Wadsworth Center in Albany, we obtained a 2.5Å resolution map, 
which enables us to ab initio model the r-proteins and rRNA, and even identify ions and water 
molecules. Together with my colleagues in the Frank lab and Tong lab at Columbia University, 
we obtained atomic models for each ribosomal subunit as well as the complete atomic model of T. 
cruzi 80S ribosomes, by adopting the X-ray crystallography methods of modeling and refinement 
methods into cryo-EM.  
In the future, our lab intends to continue the collaboration with Dr. Jeffery Dvorin and 
proceed to study P. falciparum gametocytes, the sexual forms of the parasites that form in the 
blood and are crucial for transmission. Characterization of protein synthesis at this particular stage 






5.2  Time-resolved cryo-EM 
The set-up of mixing-spraying method is not easy. A team of people were involved in this 
project. Bo Chen, a former graduate student at Frank lab, with the help of Zonghuan Lu, David 
Barnard, and Tanvir Shaikh at Wadsworth Center, Albany, did the initial set-up at Columbia 
University. Dr. Howard White at Eastern Virginia Medical School provided the computer-
controlled plunging device and has collaborated with us on the improvements.  
I joined the time-resolved project team in the fall of 2011 and worked together with Bo 
Chen on the optimization and application of this technique. We made improvements in mainly 
three aspects, plunging velocity, buffer system, and size distribution of sprayed droplets. Moreover, 
in collaboration with Dr. Ruben L. Gonzalez at Columbia University, we successfully applied the 
method to the study of E. coli ribosome subunit association (Chapter 4).  We were able to capture 
the subunit association reaction in a pre-equilibrium state, by mixing the subunits and reacting for 
60 ms and 140 ms.  
This success with the mixing-spraying device invited the design of experiments that 
explore more challenging biology processes, such as ribosome recycling in protein synthesis, and 
the development of a more advanced mixing-spraying device that is more convenient, accessible 
and results in more robust high quality image data.  
5.2.1  Mixing-spraying chip manufacture 
Our current mixing-spraying chip is made from silicon and glass, designed to withstand 
high liquid pressure drop in the chip, mainly in the mixing channel. However, manufacturing such 
chips is not only time-consuming -- usually several weeks -- but also very expensive, on average 
hundreds of dollars per one chip.   
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To circumvent this problems, we initiated a collaboration with Dr. Qiao Lin lab at the 
Department of Mechanical Engineering, Columbia University. Two teams, Xiangsong Feng and 
Yuan Jia from the Lin lab, Ziao Fu, Sandip Kaledhonkar, Bo Chen and I from the Frank Lab, are 
working jointly on the development of a new polydimethylsiloxane -- made microfluidic sprayer 
device. We switched from silicon to polydimethylsiloxane for faster and cheaper manufacture of 
the chips. Moreover, we designed a new internal-mixing round-jet air blast micro-sprayer. It has 
been proven to provide more collectable particles per grid (>2000), thinner ice thickness (~490 Å) 
and result in better image contrast. As proof of concept we recently obtained a ~3Å high-resolution 
structure of apoferritin using this spraying-plunging method (3). We envision that with all these 
efforts on further improvement, the mixing-spraying method will become a routine method for 
time-resolved cryo-EM in the near future. 
5.2.2  Time-resolved cryo-EM study of ribosome recycling process 
Our first proof-of-principle experiments with the mixing-spraying device invites the design 
of experiments that explore biological function on the millisecond scale, such as translation 
initiation and ribosome recycling in the protein synthesis process.  
In collaboration with Dr. Mans Ehrenberg’s group at Uppsala University, Sweden, we 
applied this technique to the study E. coli ribosome recycling, a process which dissociates the post-
termination complexes (post-TC) consisting of mRNA-bound ribosomes bound with deacylated 
tRNA(s). The separation of the post-TC into subunits is promoted by elongation factor G (EF-G) 
and ribosome recycling factor (RRF) in a GTP hydrolysis dependent manner. Our collaborators’ 
kinetic experiments (1) have shown that this process occurs in the sub-second time range, which 
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offered hope that reaction intermediates can be captured by time-resolved cryo-EM, which 
operates in the same time frame.  
We have used time-resolved cryo-EM method to study the ribosome recycling process at 
three different time point, 60 ms, 140 ms and 560 ms. Combined with the recently developed 
maximum-likelihood based classification method, we were able to capture several transient 
structures of an E. coli post-termination ribosome on the pathway to splitting into its subunits by 
E. coli RRF and EF-G in the presence of GTP. The present observations of the native form of such 
complexes demonstrate the strong potential of time-resolved cryo-EM not only for visualizing 
previously unobservable transient structures but also for precise modeling of the kinetic processes 
that define their functions. In the near-future, we are hoping characterize the atomic information 
of each transient states and provide more insights into the mechanisms of protein synthesis.  
5.3  Concluding thoughts 
In the past five years, the field of single-particle cryo-EM has been experiencing a quantum 
leap in its applicability and achievable resolution. Indeed, these five years were the time during 
which I was doing my graduate research in the Frank lab. Our lab has kept in step with the 
implementation of all the hardware and software advancements: (i) the early acquisition of a new-
generation DDD camera, (ii) the maximum-likelihood based classification and refinements 
software, RELION, (iii) the automated data collection software Leginon, and (iv) the addition of 
high-performance computing clusters and GPU machines.  
More recently, researchers on the NIH campus demonstrated single-particle cryo-EM can 
(i) go beyond 2Å resolution for a 334 kDa soluble enzyme and (ii) reached near-atomic resolution 
structures of an enzyme with sizes of 93 kDa (2). I am deeply impressed by the rapid evolution of 
single-particle cryo-EM. In my opinion, extending achievable resolution of single-particle cryo-
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EM to beyond 3Å routinely is one thing we need to work on right now. Incorporation of advanced 
technology, such as new XP sensor of GATAN K2 Summit camera, and software, such as GPU 
optimized classification and refinements software, and hybrid modeling methodologies, will all 
help in the pursuit of higher resolution. Ultimately, the structural information of molecules in their 
native states at close-to-atomic resolution will greatly facilitate structure-based drug design.  
Besides the current need for going smaller, going “larger” could be another attractive way 
to go in the future. The correlative super-resolution fluorescence light microscopy and cryo-EM 
technology is an exciting methodology, which can identify structures of larger cellular component 
complexes in vivo, and, notably, without fixation artifacts. I believe that in the future, we might be 
able to pinpoint the precise location of almost any macromolecule within the cell, as well as resolve 
its atomic structures.   
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